Abstract Propolis is a material manufactured by bees and contains beeswax, bee salivary secretions and plant resins. Propolis preparations have been used for millennia by humans in food, cosmetics and medicines due to its antibacterial effects. Within the hive, propolis plays an important role in bees' health, with much of its bioactivity largely dependent on the plant resins the bees select for its production. Few chemical studies are available on the chemistry of propolis produced by Australian honeybees (Apis mellifera, Apidae). This study aimed to determine the chemical composition as well as in vitro antimicrobial effects of propolis harvested from honeybees in subtropical eastern Australia. Honeybee propolis was produced using plastic frames and multiple beehives in two subtropical sites in eastern Australia. Methanolic extracts of propolis were analysed by liquid chromatography with ultraviolet detection and high-resolution mass spectrometry (ultra-high-pressure liquid chromatography (UHPLC)-UV-highresolution tandem mass spectrometry (HR-MS/MS)) and by gas chromatography mass spectrometry (GC-MS). The resulting chemical data were dereplicated for compound characterisation. The two crude extracts in abs. ethanol were tested in vitro by the agar diffusion and broth dilution methods, using a phenol standard solution as the positive control and abs. ethanol as the negative control. Chemical constituents were identified to be pentacyclic triterpenoids and Cprenylated flavonoids, including Abyssinoflavanone VII, Propolin C and Nymphaeol C. The two propolis crude extracts showed bactericidal effects at the minimal inhibitory concentrations of 0.37-2.04 mg mL −1 against Staphylococcus aureus ATCC 25923. However, the extracts were inactive against Klebsiella pneumoniae ATCC 13883 and Candida albicans ATCC 10231. The antistaphylococcal potential of propolis was discussed, also in relation to honeybees' health, as it warrants further investigations on the social and individual immunities of Australian honeybees.
Introduction
In eusocial insects, the success for survival depends on the good health of individuals and the colony. Social immunity is defined as a collection of individual behaviours that can reduce disease and parasite transmission at the colony level and is a phenomenon widespread across the social bees, ants, wasps and termites (Simone-Finstrom and Spivak 2010) . In Hymenoptera, examples of social hygienic behaviours include the tendency to remove diseased brood, grooming activities and the symbiotic existence of lactic acid bacteria co-living in the intestines of honeybees, bumblebees and social stingless bees (Drescher et al. 2014) . Another aspect of social immunity is the collection of plant resins by insects, for the purpose of diminishing the bacterial load within the nest. Examples have been reviewed for ants and bees: for instance, the wood ant Formica paralugubris (Formicidae) collect and spread tree resins throughout the nest, resulting in a decreased individual immune response, that reflects a reduced antibacterial activity of the ants' hemolymph (Simone-Finstrom and Spivak 2010) .
Propolis is manufactured from plant resins collected by bees which add their own beeswax and salivary secretions; during propolis production, plant resins do not appear to be chemically modified (Simone-Finstrom and Spivak 2010) . The ecological role of propolis is to provide both physical and chemical protections to the colony from parasites and pathogens (Popova et al. 2014) . Bees also incorporate propolis into the architecture of their nests in order to deter predators. Some species and races can collect large amounts of resins, such in the case of the Asian honeybees Apis dorsata, which uses propolis for building purposes; Apis florea honeybees rely on propolis to deter ants from their nests; conversely, Apis cerana does not use propolis at all and therefore might have developed other mechanisms to resist infection (SimoneFinstrom and Spivak 2010) . Australian social stingless bee species rely on propolis differently: Austroplebeia australis collect small amounts of resins (Drescher et al. 2014) , whereas Tetragonula species need propolis for several purposes such as for chemical defence against the small hive beetles Aethina tumida (Greco et al. 2010) , as well as against the ant Rhytidoponera metallica (Formicidae) (Drescher et al. 2014) . Australian stingless bees Tetragonula carbonaria build their honeypots entirely from propolis (Massaro et al. 2014b) , to preserve their honey against yeast spoliation due to the ambient humidity.
Many propolis constituents are bioactive, and for these properties, propolis extracts have been used as an antimicrobial, hepatoprotective, antiinflammatory and antitumor agent in human medicinal practices (Banskota et al. 2001) . Bioactivities have been directly related to the diverse chemical composition of plant resins collected by bees (Popova et al. 2013) . Chemical studies of propolis and their botanical sources have revealed hundreds of constituents within one single sample; thus, the chemical screening of novel propolis sources is needed to elucidate the molecular mechanisms behind the bioactivities.
Beyond propolis medicinal applications in humans, the antimicrobial effects of propolis against pathogens are important to maintain good health levels of bees and their colonies. Among the compounds identified in propolis showing antimicrobial and antiparasitic effects, phenolics were ascribed to the antibacterial effects attained against human pathogens (Banskota et al. 2001; Popova et al. 2005; Freitas et al. 2006) as well as bee parasites (Popova et al. 2014) . The chemical diversity in propolis can reduce the ability of pathogens to develop resistance (Simone-Finstrom and Spivak 2010; Popova et al. 2014) . Previous chemical studies have shown the presence of prenylated phenylpropanoids, triterpenic alcohols and flavonoids in Brasilian propolis (Righi et al. 2011) , prenylated flavonoids in sources from Indonesia and Solomon Islands (Trusheva et al. 2011; Inui et al. 2012a, b) and prenylflavonoids in Japanese propolis (Kumazawa et al. 2014) . Prenylated flavonoids of Taiwanese propolis have been evaluated for their antimicrobial activity against several microorganisms (Chen et al. 2004) , and their levels in propolis depended on the season of collection (Chen et al. 2008 ). In Australia, few studies have been conducted on propolis of honeybees (Apis mellifera, Apidae): stilbenes and flavanones have been reported in samples from Western Australia (Ghisalberti et al. 1978) ; other flavonoids exerting antioxidant effects in propolis from an unknown location (Kumazawa et al. 2004) ; and acetate flavonoids, chalcones and prenylated cinnamates in South Australia studies (Abu-Mellal et al. 2012; Tran et al. 2012) . In subtropical areas of eastern Australia, the propolis from native bee species has been studied for its content of gallic acid, amyrins, C-methyl flavanones and phloroglucinols (Massaro et al. 2011 (Massaro et al. , 2014a (Massaro et al. , 2015 . However, honeybee propolis harvested from such subtropical areas was yet to be investigated, in search for chemical information associated to an antimicrobial potential that can be of interest for medicinal applications in humans as well as in bees.
This study aimed to analyse the crude extracts of Australian Apis mellifera propolis from subtropical eastern Australia, using a combination of chromatographic and spectrometric techniques and to determine its in vitro antimicrobial effects against three reference pathogenic strains.
Material and methods

Chemicals
Methanol (MeOH), acetonitrile (MeCN), ethanol (EtOH) and dichloromethane (DCM) were of analytical grade and purchased from Merck Pty Ltd (Kilsyth, Vic., Australia). Milli-Q water was obtained from an in-house Milli-Q Ultrapure Water System. Muller-Hinton nutrient broth (MHB) and agar (MHA), 3-[4,5-dimethylthiazol-2-yl-]-2,5-diphenyltetrazolium bromide (MTT) and the phenol standard (purified by redistillation, >99.5 %) were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia).
Honeybee propolis samples
Propolis was produced using Apis mellifera ligustica in beehives (n=8) containing plastic collectors (60×40 cm) from two locations in subtropical eastern Australia. Site 1 (four beehives) was located in an open forest site in Gympie, Queensland (QLD) (26°15′ 12.2″ S 152°43′ 13.0″ E), and site 2 (four beehives) was located in a coastal area of Tyagarah, New South Wales (NSW) (28°35′ 50.1″ S 153°3 2′ 30.6″ E). Propolis collectors were placed in December 2011 and removed in December 2012. The propolis collected at each site were pooled together to obtain two representative samples for this study. Voucher specimens of raw propolis were catalogued at the herbarium of the University of the Sunshine Coast (USC/CFM/003 and USC/CFM/004). The propolis production was ca. 50 g per beehive (n=8) after a 12-month period in 2011-2012 using propolis frames (Fig. 1S, Supporting Information) .
Extraction
The balsam portion of propolis was recovered from methanolic extractions while discarding the insoluble hydrocarbons derived from beeswax. Propolis (200 g) was extracted in methanol (10 % w/v) at room temperature for 24 h in the dark and was filtered using paper filters. The two propolis solutions were evaporated to dryness under reduced pressure. Dry extracts were reconstituted in ethanol for the chemical analyses and the antimicrobial assays.
GC-EI-MS analyses
Samples were reconstituted in DCM (1 mg mL
). The choice of reconstituting the extracts in DCM did not affect the chromatographic analyses because the extracts fully dissolved yielding homogenous, transparent and light brown-coloured solutions without undissolved precipitates. GC-MS equipment utilised a PerkinElmer Clarus 580 GC-Electron Impact (EI)-MS fitted with Elite-5MS column (L = 30 m, ID = 0.25 mm, DF=0.25 μm, PerkinElmer) and 70-eV ionisation. Briefly, the injection port was 280°C, with a split ratio of 10:1; the oven program ramped from 50 to 315°C at 6°C/min and then held for 5 min, for a total runtime of 49 min. MS acquisition was set of m/z 50-650 range. GC retention indices of components were calculated against nalkane standards (C 8 -C 40 ). Retention times and MS fragmentation data of individual peaks were compared for compound identification against NIST library and literature. Quantitation of volatiles was calculated by the ratio of compound area over total peak areas and indicated as percentages (%) (mean values, n=2).
The two propolis solutions were subjected to silylation with the derivatising agent N,O-bis(TMS)trifluoroacetamide (BSTFA). BSTFA (50 μL) was added to 100 μL of each sample, and the solutions were heated at 65°C for 2 h. The samples were analysed by GC-MS using the method above. TMS derivatives indicated whether functionalities OH or COOH were substituted by trimethylsilyl groups. Derivatives of prenyl flavonoids have been studied previously by GC-MS (Popova et al. 2013) . In this study, these highmolecular-weight compounds were not amenable to GC-MS analyses and their silylated derivatives were not detected within the derivatised extracts under the conditions used. Therefore, the presence of flavonoid in propolis was investigated by ultra-high-pressure liquid chromatographyelectrospray ionization-high-resolution tandem mass spectrometry (UHPLC-ESI-HR-MS/MS) analyses.
UHPLC-ESI-HR-MS/MS analyses
Samples were reconstituted in methanol (1 mg mL −1 ).
Aliquots were injected onto an Eclipse Plus C18 UHPLC column (2.1×100 mm, 1.8-μm particle size). Mobile phase A (MPA) consisted of 0.1 % acetic acid in water, and mobile phase B (MPB) consisted of 0.1 % acetic acid in acetonitrile. The gradient was 2.5 % MPB at T=0.5 min to 20 % MPB at 15 min, and 100 % MPB at 25 min, held for 2.5 min. A photodiode array detector was coupled to the LC and set at 205, 260, 290 and 340 nm. The ESI module was heated ESI (HESI) and connected onto a qExactive Mass Spectrometer (qEMS) with resolution set at 140,000 (Dionex UltiMate 3000 with qExactive Orbitrap by Thermoscience, Thermo Fisher Scientific, New Zealand). Separate UHPLC runs were done for positive and negative ionisation modes. Relative abundances of compounds were quantitated by the ratio of compound area over total peak areas detected at 205 nm, and results were indicated as percentages (%) of total areas (mean values, n=2).
Antimicrobial assays
Propolis crude extracts were reconstituted in abs. ethanol and tested against cultures of Staphylococcus aureus ATCC 25923, Klebsiella pneumoniae ATCC 13883 and Candida albicans ATCC 10231 using two in vitro methods: the agar diffusion and broth dilution methods. Inocula were prepared in MHB, incubated at 37°C for 16 h (S. aureus and K. pneumoniae) or 48 h (C. albicans) and then centrifuged at 1000 rpm for 2 min at 24°C. The microbial pellets were transferred to sterile vials with fresh MHB to assess that the cell densities were 0.50-0.55 optical density (OD) using a spectrophotometer set at 600 nm, before being diluted in fresh sterile media to achieve the final concentration of 10 5 CFU mL −1 of bacteria or yeast in all plates. The carrier ethanol (100 %) was used as the negative control. The phenol standard solution was prepared in abs. ethanol and used as the positive control. Plates were incubated at 37°C for 16 h (S. aureus and K. pneumoniae) or 48 h (C. albicans). The methodologies applied in this study were standardised in terms of size of inocula and using progressive dilutions of phenol standard solutions to express the results as phenol standard equivalents. The strength of the antibacterial activity of propolis was evaluated as being equivalent to that of a particular concentration of the phenol standard solution.
For the agar diffusion method, a 20×20-cm disposable plate was filled with inoculated agar (250 mL) and then perforated to form 8-mm-diameter wells. Propolis extracts were reconstituted in ethanol at 100-800 μg and standardised to 100 μL per well. The controls were used at the same volume. Results of growth inhibition by the samples were reported as the mean zone of inhibition with standard errors of the mean (mm) and as percentage (%) of phenol standard equivalents, after being interpolated with the phenol calibrated curve obtained after each experiment (mean values, n=3). The negative control (ethanol) did not inhibit the microbial growth; the positive control (phenol standard solution) was delivered at increasing concentrations between 0 and 6 % (w/v) in well.
For the broth dilution method, 96-well microplates were used. A volume (170 μL) of inoculated MHB was dispensed into each microplate well. Aliquots (10 μL) of propolis stocks in ethanol at final concentrations of 0.35-3.33 mg mL −1 were added to wells. The same volume was used in the control wells, with ethanol at the final concentration of 5.5 % v/v in well. The minimum inhibitory concentrations (MIC) were assessed after incubating each well with 20 μL of a MTT ethanolic solutions (5 mg mL
) for 20 min at 37°C. The development of a yellow colouration indicated the inhibitory effects of the test solutions. A blue coloration indicated that formazan crystals were formed in bacterial cells, and therefore, the test samples were inactive at the concentration used. Bactericidal effects were confirmed after replating the inhibitory bacterial solutions onto fresh agar and incubated at 37°C overnight. The bactericidal concentration of the phenol standard was 0.2 % w/v in well. Experiments were repeated in different days, with fresh media, inocula and MTT solutions (n=3).
Dereplication of chemical structures
UHPLC-MS data was analysed using XCalibur Thermo Finnegan v. 8.02. The ESI-MS acquisitions in positive and negative modes were used to determine the protonated or deprotonated molecules to obtain accurate elemental compositions and their chemical formula. Propolis constituents were dereplicated by combining accurate mass measurements, elemental compositions and fragmentation patterns from the EI and ESI-UV-MS analyses. Accurate elemental compositions of MS and MS/MS ions were used for metabolomics analysis across chemical databases NIST library, SciFinder (ACS 2013) and XCMS Metlin Online (http://metlin.scripps.edu/metabolites_list.php) and available literature.
Results
Propolis chemical constituents were mainly triterpenoids and flavonoids
The two investigated samples of Apis propolis QLD and NSW were of similar chemical composition at class level, with a prevalence of triterpenoids and flavonoids (Table 1) . The GC-MS analyses detected triterpenoids (Fig. 1a) of the pentacyclic and lanostane types (Fig. 1b) , but no TMS derivatives of hydroxyl-triterpenoids were obtained after silylation of the crude extracts (Table 1) .
Characteristic ions were helpful to elucidate the chemical structures. For instance, lupane triterpenoids with an isopropenyl group attached to the five-carbon ring are usually found to contain an intense peak at m/z 189 (Mathe et al. 2004 ). This characteristic EI-MS ion together with m/z 393 (Marquez Hernandez et al. 2010 ) and m/z 161 and 55 was previously reported for lupane derivatives triterpenoids from Boswellia (Burseraceae) resins (Mathe et al. 2004) , and in this study, a lanosterol detected at Rt 45.84 showed a diagnostic fragment ion of m/z 393. Lupenyl acetates (MW 468) showed diagnostic ions of m/z 453 and 249 that resembled pentacyclic triterpenoids of the lupane type. Triterpenoids with a lupane skeleton were previously isolated from a Fabaceae species, Acacia mellifera (Mutai et al. 2004 ). Amyrins of the ursane type contained a fragment ion of m/z 203 as previously reported for these constituents from Brasilian Apis propolis (Zhang et al. 2014) . Minor propolis components were monoterpene and sesquiterpenes and one unknown of MW 406, further to one meroterpenoid (MW 270) and one diterpenoid of the pimarane type (MW 286) that were also tentatively identified against NIST library hits from the GC-MS analyses (Table 1) . The GC-MS technique efficiently detected the triterpenoids of this study, while UHPLC analyses poorly ionised these chemicals by ESI-MS and no UV detection was observed.
C-prenyl and C-geranyl flavonoids of this study are newly reported constituents of Australian Apis propolis. The UHPLC-UV-ESI-HR-MS and MS/MS analyses of the propolis extracts enabled the structural elucidation of eight flavonoids (Table 2) . These diagnostic ions can reveal the substitution of the A-and B-rings after the fission of C-ring bonds based on retro Diels-Alder (rDA) cleavage (de Rijke et al. 2006) , and thus, these fragments aided in the dereplication of the 5,7-dihydroxylated flavonoid structure (Fig. 2) . Another diagnostic feature was the presence of side chains formed by one or more isoprenyl groups (C 5 H 8 ) in 2 and 7 and enabled the structure elucidation of 3, 6 and 8 (Fig. 2) . No diagnostic losses were observed to elucidate the side chains of 1, 4 and 5 that were identified at the class level of substituted flavanones. The UV spectra of compounds 1 and 2 and the fragmentation patterns of 3, 4 and 8 were reported in the Supporting Information.
The dereplication of 3 matched Abyssinoflavanone VII, a natural product from the bark of Erythrina abyssinica (Fabaceae) trees distributed in tropical and subtropical areas of the world (Cui et al. 2007 ). Compound 6 was tentatively identified as Propolin C (also called Nymphaeol A), a constituent of Taiwanese propolis that showed pro-apoptotic action on melanoma cells (Chen et al. 2004) . Compound 8 was dereplicated as Nymphaeol C, a C-geranyl flavanone of Japanese propolis originating from Macaranga tanarius (Euphorbiaceae), a tropical tree found in Southern Asia (Kumazawa et al. 2007 (Kumazawa et al. , 2008 . The latter is also distributed in geographical areas of this study.
Bactericidal effects against S. aureus
Australian propolis showed antistaphylococcal effects (Table 3 ). In the broth dilution assay, the bactericidal concentrations were observed against S. aureus (Table 3) with similar effects to MIC values reported for foreign propolis. For instance, a previous study showed that the antistaphylococcal activity of propolis from Brasilian Apis mellifera ranged from 0.36 to 3.65 mg mL −1 , and these effects were likely to be linked to the presence of flavonoid and phenolic acid derivatives in the extracts (Miorin et al. 2003) . Australian Apis propolis of this study did not inhibit the growth of K. pneumoniae or C. albicans.
Discussion Antimicrobial potential of Australian Apis propolis
The presence of C-geranyl flavonoids and triterpenoids can be ascrbed to the inhibition of S. aureus in this study. Propolis QLD proved more active than propolis NSW, and this difference was possibly due to the higher amounts of C-geranyl flavonoids in the former sample. Propolis flavonoids, that contain the lipophilic groups prenyl or geranyl side chains, can interact with the cell membrane or the cell wall of Gram-positive bacteria (Inui et al. 2012b ). The antistaphylococcal effects of Australian honeybee propolis confirmed previous reports within ranges of activity were reported for the distilled fraction of Greek propolis high in monoterpenoids (Melliou et al. 2007) , and the antistaphylococcal activity of prenylflavanones isolated from propolis was previously unravelled by a systematic bioassayguided fractionation (Raghukumar et al. 2010) . The medicinal potential of propolis extracts against Gram-positive bacteria warrants further investigations. Australian propolis from honeybees (this study) and the propolis previously reported from stingless bees were mainly active against Gram-positive bacteria. The antistaphylococcal effects of Apis propolis were weaker than those observed for stingless bee propolis harvested within the same geographical areas in eastern Australia. When compared to previous reports, stingless bee T. carbonaria propolis showed higher antistaphylococcal effects in vitro with MIC value of 6.94 μg mL −1 (Massaro et al. 2014a) . The extents in bioactivities are likely to be linked to the different chemical compositions of the extracts: further to the flavonoid contents, the reported phloroglucinols are bioactive compounds distinctive for stingless bee propolis (Massaro et al. 2015) , while they were absent in honeybee propolis.
Apis propolis extracts of this study did not inhibit the growth of the used Gram-negative strain or the yeast. Conversely, previous tests identified active prenylated flavonoids (Inui et al. 2012b) and Brasilian red propolis extracts exerted antifungal effects against C. albicans at MIC of 256 μg mL −1 (Righi et al. 2011) .
As extracts of this study contained several compounds with different physico-chemical properties and, thus, solubility in the agar media, it is possible that the activity of the extracts containing prenylated flavonoids and triterpenoids in mixture was reduced in the bioassays.
Botanical aspects
Bees can choose among many resinous plant species during their foraging flights; however, honeybees collect a single botanical resin source during a single foraging trip, even when multiple sources are available, and thus preferring Populus deltoides (Salicaceae) and Populus balsamifera in temperate areas of Europe and North America, while Baccharis dracunculifolia DC (Asteraceae) is the preferential choice by bees in Brazil (Simone-Finstrom and Spivak 2010). The endemic flora of Australia accounts for several Myrtaceae species, including Eucalyptus trees: these plant release volatiles monoterpenoids and sesquiterpenoids of known pharmacological action (Ponte et al. 2008) . Previous studies have shown that Australian honeybees visit Acacia paradoxa DC (Fabaceae) for resin collection in temperate areas of South Australia (Tran et al. 2012) , while Corymbia torelliana (Myrtaceae) fruit resins are chosen by stingless bees in subtropical eastern Australia (Massaro et al. 2014a (Massaro et al. , 2015 . In this Fig. 1 a GC-MS profiles of Australian propolis from Queensland (QLD) and New South Wales (NSW). Retention times as in Table 1 . b Skeletons of triterpenoids tentatively identified in this study (2006) e Cui et al. (2007) work, the chemical compositions of the two propolis samples QLD and NSW suggested that the foraging honeybees might have found similar plant resin sources within the two geographical sites of the beehives; resin-producing plants found in these sites included the Myrtaceae species Syncarpia glomulifera, Eucalyptus grandis, Eucalyptus tereticornis, Eucalyptus longirostrata, Eucalyptus cloeziana, Eucalyptus propinqua and Lophostemon suaveolens. These findings can be used as the chemical reference data to screen botanical sources available to by Apis mellifera bees in eastern Australia.
Further ecological considerations can be drawn from the comparison of known propolis produced by local native bees from the same geographical areas of subtropical eastern Australia. The triterpenoids of Australian (Apis mellifera) propolis were different from those identified in stingless bee products (T. carbonaria) high in α-and β-amyrin acids (Massaro et al. 2011 (Massaro et al. , 2014a (Massaro et al. , 2015 . However, the propolis extracts of both Apis and Tetragonula species contained one meroterpenoid (KI=1992 , Table 1 ) which botanical or entomological origin remains to be identified.
The flavonoid profile of Apis propolis differed from that reported in stingless bee propolis of beehives located within the same study sites (Massaro et al. 2014a) . It is likely that the two Australian bee species visited different botanical sources, Abyssinoflavanone VII 6. Propolin C Nymphaeol C Fig. 2 Chemical structures of 3 Abyssinoflavanone VII, 6 Propolin C and 8 Nymphaeol C within a flight range that is wider for Apis bees than that of Trigona bees. The absence of phloroglucinols and the presence of geranyl flavonoids in Apis propolis confirmed the diverse preferences of resin collection by bees visiting flora within the overlapping flight zones. Plant resin sources can be diverse in metabolite contents also due to seasonal variation, and thus, such chemical diversity found in propolis can affect the level of antimicrobial activity (Simone-Finstrom and Spivak 2010). Our propolis was harvested over a 12-month period, while exploring its chemical variability due to season of production or harvest was beyond the study scope. Further studies are needed to investigate propolis chemical variability, and thus its properties affecting the defence abilities of bees against infections and parasites.
Implications for bees' health: social and individual immunities
Propolis is important to the health of honeybees Apis mellifera in terms of social immunity as well as individual immunity of bees: a resin-enriched hive can reduce the individual investments in immune functions due to a generalised high fitness of the colony (Simone-Finstrom and Spivak 2010). One example of individual immunity in bees is the effect of propolis to improve toxin clearance. Studies on Apis mellifera genome have found that honeybee immune pathways are less expressed for physiological defence and, thus, that propolis compounds can upregulate specific genes encoding for detoxifying enzymes: propolis flavanones such as pinocembrin can upregulate cytochromes CYP6AS and CYP9Q, the latter being deputed to xenobiotic detoxification (Berenbaum and Johnson 2015) . Genomic investigations are warranted to determine whether the identified flavonoids and triterpenics of this study may upregulate gene expression in Australian honeybees. Honeybees do not ingest resin (Simone-Finstrom and Spivak 2012) but benefit from utilising propolis in several manners: they make a layer on the hive walls and cells containing honey, pollen and brood to reduce microbial growth, to waterproof the nest from external moisture and to protect the colony from invaders. Bees narrow the hive entrance to better maintain homeostasis of the nest environment, and feral colonies cover the tree cavity with a propolis coat to attain a 'propolis envelope' around the nest (Simone-Finstrom and Spivak 2010). Moreover, propolis represents an example of self-medication in bees while it has not been observed in ants: the bee colony increases plant resin collection when it is parasite-challenged (Simone-Finstrom and Spivak 2012). In our study, a high deposition of propolis was induced using plastic propolis mats to maximise the bees' propolis production for the later harvest; this means that many adult foragers were triggered to collect plant resins instead of foraging for nectars at the expense of the colony's honey production.
Future studies will assess the behavioural responses of honeybees in increasing plant resin collection depending on their colony's health levels.
The effects of foreign propolis are known against Paenibacillus larvae causing AFD and the mite Varroa destructor possibly vectoring viral infections (SimoneFinstrom and Spivak 2012; Popova et al. 2014; Berenbaum and Johnson 2015) . A recent study has highlighted the chemical constituents responsible for propolis action vs. varroasis in Apis mellifera colonies: high contents of four derivatives of caffeic acids were found in propolis harvested from colonies being tolerant to V. destructor infestations in France (Popova et al. 2014) . Australia is the last land free of Varroa infestations, and yet, bees are challenged by other parasites and diseases. Current threats to honeybees in Australia are represented by the small hive beetle (Aethina tumida) infestations, European Foulbrood caused by Melissococcus pluton, chalkbrood by the fungus Ascosphaera apis, American Foulbrood Disease (AFD), sacbrood virus infections and Nosema apis and N. ceranae protozoan infections, while Australian bees are yet to be exposed concurrently to infections by Varroa spp. mites. However, varroasis is expected to hit Australia as well in the future, and therefore, the ability of honeybees to collect plant resins for propolis production might represent an advantage, especially for their chemical defence. Therefore, there is the need for analytical studies in the view of a better understanding of the health levels of Australian honeybees.
Suggestions for beekeeping practices in Australia
We observed a relatively small production of propolis by Australian Apis mellifera; this finding is consistent with previous observations indicating a reduced resin collection by commercial honeybees, due to beekeeping practices that can select colonies with a low tendency for such behavioural trait to maximize honey production (Simone-Finstrom and Spivak 2012). As a feral colony can produce a propolis envelope of 60 g of resin that can positively affect the colony-level immunity (Simone-Finstrom and Spivak 2012), it remains to be unravelled whether a change of beekeeping practices can engage Australian Apis bees differently in propolis versus honey production. Such beekeeping choices can affect the survival of colonies, when the latter are challenged by mite infestations concurrently to opportunistic pathogenic infections.
A current beekeeping practice in the USA is to breed bees expressing the BVarroa sensitive hygiene^behavioural trait, meaning a hygienic behaviour against mites (SimoneFinstrom and Spivak 2012). Australian Apis bees were able to locate plant resins originating antimicrobial chemical constituents. Further work will unravel how beekeeping practices can affect the bees' choices in relation to their colony's fitness.
Conclusion
Apis propolis sources from two subtropical areas of eastern Australia were investigated for their chemical compositions as well as in vitro antimicrobial activities. The crude extracts contained triterpenoids and C-prenylflavonoids that can be used as markers to identify the plant sources visited by honeybees for resin collection. Chemical constituents were partially ascribed to the antistaphylococcal effects induced by the propolis extracts. Further investigations will unravel the immunity levels, the molecular aspects and behavioural mechanisms involved in plant resin collection by Australian honeybees.
